OBJECTIVES: Aortic cusp free margins are a central target in most aortic valve repair operations to optimize valve coaptation. The objective of this anatomical study was to analyse the normal dimensions of free margin length (FML) and coaptation surface and to analyse their relationship with other valve and root dimensions in normal tricuspid aortic valves.
INTRODUCTION
The different structures comprising the normal aortic valve (AV) apparatus have a specific geometry, proportion and elasticity that confer to the valve optimal opening and closing characteristics [1] . Through the years, AV repair has been improved by a better understanding of the mechanism leading to regurgitation and by a better knowledge of the normal anatomy and geometry of the AV [2] [3] [4] [5] .
The free margin of the aortic cusp is directly involved in the mechanism of aortic insufficiency. In isolated cusp prolapse, the free margin is generally elongated or eventually ruptured (e.g. ruptured fenestration). In aortic root dilatation, the outward displacement of the commissures induces a chronic stress on the aortic cusp, which results in elongation of the free margins [6] . During valve-sparing root replacement, normalization of root dimension, especially of the sinotubular junction (STJ), can induce a prolapse of 1 or more cusps. Central plication and resuspension with a running Gore-Tex suture are the 2 main techniques used to shorten the free margin and to treat the prolapse [7, 8] . In a large series of valve-sparing root replacements, those techniques were reported to be necessary in 60-90% of patients [9] [10] [11] . The technique of free margin shortening is generally performed by comparing the prolapsing cusp to a normal one or by measuring the so-called effective height of the cusp [12, 13] .
The aim of our research project was to develop further intraoperative measures of the free margin to guide objectively the shortening, a technique already proposed by others but not yet sufficiently validated [14, 15] . As a first step in this research project, our goal was to define the normal dimension of the free margin and analyse its relationship with the other dimensions of the valves and roots. In addition, we analysed the normal dimension of the coaptation and its relation to cusp size.
MATERIALS AND METHODS

Evaluation of aortic valve homografts
We analysed 25 AV homografts provided by the European Homograft Bank (EHB, St-Jean Hospital, Brussels, Belgium). Informed consent for deceased donors was obtained by consulting the national register and from the donor family. Informed consent for living donors was obtained prior to their heart transplant. Only the specimens discarded from clinical use because of a minor anomaly (e.g. small calcification spot) were used for this study. Homografts with a congenitally abnormal valve or aortic dilatation (>40 mm) were excluded even if the valve looked competent. Two sets of measurements were performed, one on a fresh specimen and the second after formalin fixation of the AV in the diastolic position. Valve assessment and anatomical measurements were performed by 1 experimenter (L.D.K.). The study was approved by the local ethics committee.
Measurements on fresh homograft
All specimens were prepared similarly. The ascending aorta was transected a few millimetres above the STJ, and the left ventricular outflow tract was trimmed to leave 1-1.5 cm of tissue below the cusp nadir.
Eight measurements were made on fresh specimens ( Fig. 1A  and B) . The diameters of the STJ and the ventriculo-aortic junction (VAJ) were measured with Hegar dilators. To obtain an estimation of the dimensions of those structures under physiological pressure, we recorded the size of the biggest dilator that could be introduced/ forced through these structures. The manoeuvre was not guided by measuring quantitatively the pressure applied on the dilator but rather by the feeling that we had reached the maximum elasticity of those structures. To validate this method of STJ sizing, we compared in 7 homografts the measurements obtained with the Hegar dilator to the measurements obtained from echocardiographic scans of the homograft under pressure. For this measure, the ascending aorta was closed distally and pressurized to 70-90mmHg with saline solution. The researcher was blinded to the echocardiographic measurements and performed the dilator measurement after transecting the ascending aorta proximally. Both STJ measurement methods were similar, with a mean difference of 0.4 mm (range 0-2 mm) ( Table 1) . Measurements of the VAJ with the Hegar dilator could not be validated by the pressurized homograft method because the left ventricular outflow tract was not pressurized and filled, making it impossible to measure the VAJ reliably by echocardiography.
For the 6 other measurements, the homografts were exposed like they would be for intraoperative assessment. The specimens were fixed vertically on the working table, and 3 commissural stay sutures were placed under tension directed upwardly and outwardly ( Fig. 2A and B) . All measurements were taken while tension was applied on the structures to mimic diastolic pressure. The commissure distance, measured with a Vernier caliper, was defined as the straight-line distance between the tips of 2 adjacent commissures. The commissure height, measured with a ruler, was defined as the distance from the base of the interleaflet triangle to the tip of the commissure, the base of the interleaflet triangle being the line joining the 2 cusp nadirs. The geometric height (gH), measured with a ruler, was defined as the distance between the cusp nadir and the middle of the free margin. The gH was measured on the aortic side of the cusp while applying gentle traction on the free margin to straighten the cusp tissue along the ruler. The free margin length (FML) was measured passing a 6-0 Prolene suture along the free margin from one commissure to the other (Fig. 2C ). The free margin was then stretched gently, and the stitch was cut at each commissure. After removing the stitch from the free margin, it was measured with a ruler. Cusp insertion length was measured using a similar technique (Fig. 2D) . The effective height, measured with a Schäfers' caliper (Fehling Instruments, Karlstein, Germany), was defined as the distance from the middle of the free margin to the plane passing through the nadir of the 3 cusps [13] . Those 6 measurements were performed on the 3 cusps and the 3 commissures (Table 1) . Dimensionless quantities relative to the gH are presented in Fig. 1 .
Measurements on a fixed homograft
For the second set of measurements, the aortic root was filled up to the STJ with the maximum amount of cotton wool it could contain and immersed in a 10% buffered formalin solution for 1 week (Fig. 3A and B ). This manoeuvre put the aortic root under pressure and fixed the valve in the diastolic position, allowing identification of the coaptation surface. The caudal and the cranial limits of coaptation were marked with a pencil (Fig. 3C  and D) ; then the aortic root was longitudinally opened between the non-coronary cusp (NCC) and the left coronary cusp (LCC) (Fig. 4A) . The coaptation length, measured with a ruler, was defined as the distance from the free margin to the caudal mark of coaptation. The coaptation length was measured at the middle of the cusp (central coaptation length) and laterally on both sides of the midline where the coaptation was the widest (lateral coaptation length) (Fig. 4A) . The cusps were then detached from the aortic root along their insertion line and stretched flat. A picture of the cusp was taken with a high-resolution camera to measure the cusps and the coaptation surfaces of the 3 cusps using ImageJ 1.49v software (http://imageJ.nih.gov/ij) ( Fig. 4B and C) . To avoid overestimation of the coaptation surface, the contour of the coaptation surface was measured along the transition between the purple colour and the coaptation surface.
Total coaptation surface per valve was defined and calculated as follows: In a tricuspid valve, the total coaptation surface is the sum of the 3 coaptation components between the NCC/LCC, LCC/right coronary cusp (RCC) and RCC/NCC. Therefore, the total coaptation surface per homograft valve was calculated dividing by 2 the mean value of the coaptation surface per cusp to obtain the mean value of 1 component of the total coaptation surface. This value was then multiplied by 3 to obtain the 3 components of the total coaptation surface per valve. 
Statistical analysis
Categorical variables were presented as numbers and percentages. Continuous variables were presented as mean ± standard deviation, with range indicated in a separate column. Normal distribution of the data was tested using the KolmogorovSmirnov test in addition to visual analysis. The paired Student's t-test was used to compare STJs measured from echocardiographic scans and using the Hegar dilator. Comparisons of anatomical measurements between NCC, LCC and RCC were performed either with the analysis of variance test in cases of normal distribution or the Kruskal-Wallis test in cases where the distribution was not normal. None of the comparisons obtained using the analysis of variance test were statistically significant. A post hoc Bonferroni adjustment was applied when the comparisons were significant after the Kruskal-Wallis test. Any pair had to achieve a significant value on the Mann-Whitney test smaller than 0.017 to be significant at the 0.05 level. Linear regression was performed to calculate the Pearson correlation coefficient (r) and the coefficient of determination (r 2 ). A P-value <0.05 was considered statistically significant. All P-values are 2-sided. Statistical analyses were performed using IBM V R SPSS V R 23.
RESULTS
Donor demographic data and valve assessment
The mean age of the donors was 52 ± 6 years (range 24-67 years) and 76% were men (Table 1) . Of the 25 homografts analysed, predonation echocardiograms of the beating heart were available for only 40% (n = 10) of the donors. Mild-to-moderate central aortic insufficiency was observed in only 1 donor. Analysis of the valve from this donor showed that hypertrophy of the Arantius nodule was responsible for the aortic insufficiency, and the valve was not discarded from our analysis. Systematic valve assessment identified small calcification spots in 3 specimens, commissural fenestration(s) in 8 (32%) and discrete left/right commissural fusion in 1. Cusp prolapse or retraction was not observed in any of the 25 homografts analysed.
Free margin length dimension and relationship
Valve and root measurements are presented in Table 1 . The mean FML was 34.3 ± 3.1 mm for a mean STJ of 26.6 ± 2.3 mm and a mean gH of 18.9 ± 1.9 mm. Linear regression analysis showed good correlation of the FML with all the valve and root measurements performed ( Table 2 ). The FML did not correlate with the donor's age or weight; however, the FML was slightly longer in patients >50 years old compared with patients <50 years old (35.4 ± 3.4 vs 32.0 ± 1.6, P = 0.036).
A comparison of the 3 cusps showed non-significant differences for most of the dimensions measured. FML and commissural distances were slightly greater for the RCC, followed by the NCC and the LCC. The mean commissure height was significantly greater for the right/non-commissure compared with the left/ right commissure (21.8 ± 2.1 mm vs 19.7 ± 1.5 mm, P = 0.005) ( Table 1 ). The mean difference between the largest and the smallest FML within 1 specimen was 3.1 ± 1.4 mm. If one defines the difference between the FMLs as being more than 3 mm between 2 cusps, then 44% of the specimens showed similar FMLs. In the specimens with different FMLs, the RCC and the NCC had a greater FML more often than the LCC. similarities and differences between the 3 cusps for other measurements.
The mean ratio between the FML and the STJ was 1.29 ± 0.08 (range 1.10-1.55). Table 4 presents the calculated FMLs for STJ diameters from 24 mm to 34 mm using the linear regression equation (y = 1.038 x + 6.72).
Cusp and coaptation surface
The mean cusp surface was 297 ± 41 mm 2 , and the mean coaptation surface was 122 ± 21 mm 2 . Coaptation surface represented 41% of the cusp surface, ranging from 31% to 49%. The total coaptation surface per valve was 184 ± 32 mm 2 . The coaptation surface was composed of 2 semilunar areas joined on the median line of the cusp (Fig. 4) . The lateral coaptation length was 5.9 ± 0.6 mm, and the central coaptation length was 3.3 ± 0.8 mm (Table 1) .
A comparison of the cusp surface and the coaptation surface between the 3 cusps showed slightly larger values in the NCC, followed by the RCC then the LCC, but the difference observed was not statistically significant. Lateral coaptation lengths and central coaptation lengths were also similar between the 3 cusps ( Table 1 ). The ratio coaptation surface/cusp surface was similar for the 3 cusps (NCC 0.40, LCC 0.42, RCC 0.41; P = 0.28).
DISCUSSION
Free margin length
Compared to the data in the literature, the mean FML (34 mm) measured in this study is relatively similar to the average values (32-34 mm) reported in previous anatomical studies [1, [16] [17] [18] . As in other studies, we found that the RCC tends to have a slightly longer free margin compared with the NCC and the LCC [16, 17] . The mean FML differences between the larger and the smaller cusps were 3.1 ± 1.6 mm in this study and 1.5 to 2 mm in the other studies [16, 17] . This difference is probably due to the following factors: small degenerative change related to the donor's age, congenital asymmetry of the valve or imprecise measures. The mean gH (19 mm) was longer than that previously reported in 2 studies (13-15 mm) [16, 18] but comparable to those reported in 3 other studies (18-20 mm) [1, 19, 20] . The other measurements made using fresh homografts were also similar to the values reported in the literature [1, 4, [16] [17] [18] . In particular, our measures were very similar to those obtained by Swanson and Clark on AV moulds made at physiological (diastolic) pressure [1] . Similar to several other anatomical studies, we showed the geometric relationship existing between the FML and the other valve and root dimensions, with, of interest for our study project, an FML/STJ ratio of 1.29 [1, 16, 18, 21] . This geometric relationship is worth noting because it has been at the origin of the development of several repair techniques involving the free margin. In the 1960s, Edwards used the relationship between the FML and the aortic dimensions to create a neocusp with autogenous tissue [22] . One decade later, Swanson showed that, at physiological pressure, the mean FML/VAJ ratio was 1.24 and the mean FML/STJ ratio was 1.22. Subsequently, several authors have developed techniques of cusp augmentation or replacement based on the data from the Swanson study [23] [24] [25] . In these techniques, the ratio used was the FML/STJ ratio with a value of 1.1-1.15, which is slightly lower than the Swanson ratio because of the degree of stretching of autologous pericardium [24, 25] . Effectively, as described by Hammer and Del Nido, the ratio depends on the degree of stretch of the material used as the graft and the downwards angle of the free margin (normal angle 35
[1]) [25] . Applying their rationale for the free margin shortening technique, it is probable that the ratio should range between 1.2 and 1.3 because the degree of stretch of the native free margin is relatively low and the downwards angle of the cusp can increase after the valve-sparing root replacement procedures [25] . Two authors have already described a free margin shortening technique using intraoperative FML measurements. Using mathematical models, Labrosse et al. [14, 26] described a quantitative approach to valve-sparing root replacement that consists of the use of tables to guide graft sizing, annuloplasty and free margin shortening. Therefore, they have developed a cusp sizer to measure the gH and the FML; however, their sizer is not available, and the technique has not yet been validated by clinical data. Izzat et al. [15] have developed another cusp sizer based on the geometric description of normal AV by Swanson and Thubrikar [1, 27] . The cusp sizer (GEISTER V R , Tuttlingen, Germany) is designed to assess the dimension of the cusp and to serve as a cusp template for margin plication (if prolapse) or cusp augmentation (if cusp retraction) [15] . Clinical experience with this cusp sizer remains limited, and its value is therefore not yet conclusive [28] .
Considering these data, it seems to be clear that, for cusp prolapse repair using FML measurements, the use of a dedicated FML sizer is necessary to gain precision and time. In isolated cusp prolapse, the sizer would be used to determine the FML of a normal cusp, which would then be used as a reference to shorten the free margin of the prolapsing cusp. In valve-sparing root replacement, we need to determine whether a simple ratio, such as the FML/STJ ratio, would be efficient and sufficient to guide free margin shortening after graft implantation or whether more variables (e.g. gH, VAJ and commissures height) would need to be taken into account, as proposed by Labrosse et al. [14, 26] . A free margin sizer is in development by our group. Clinical testing is planned to refine and validate the potential of the technique described here.
Coaptation surface
Currently, coaptation is assessed by echocardiography by measuring the effective height or the coaptation length. These measures are predictive of repair durability [3, 11] ; however, they evaluate only partially the surface of the coaptation, which is tridimensional. Therefore, it has been suggested that measuring the entire coaptation surface could be a more sensitive parameter to evaluate the quality of the repair [29] . The data on normal morphology and the dimensions of the coaptation surface observed in this study may serve as reference points to refine intraoperative and echocardiographic assessment of the coaptation surface.
In this study, the mean coaptation surface was 122 ± 21 mm 2 and represented 41% of the cusp surface. The cusp surface was similar to those observed in other anatomical studies [16, 18] . Coaptation lengths were similar to coaptation lengths observed in Swanson's study under physiological pressure; however, the proportion of coaptation surface per cusp was 10% greater in Swanson's study (50% vs 41%) [1] . Finally, the total coaptation surface per valve was 184 ± 32 mm 2 , which is 12.5% larger than the 161 ± 31 mm 2 found in vivo using 3D echocardiography [29] .
Limitations
One limitation of this study is the relatively small number of specimens analysed; but, similar to other anatomical studies, the rarity of normal human valves available for research makes it difficult to perform such studies on a large number of specimens. Another limitation of importance is the fact that all our measures were performed by applying tension on the structures and not under controlled physiological pressure as was done in 2 previous anatomical studies [1, 17] . Moreover, some of our measures were performed on fixed tissues, which are known to induce some degree of tissue retraction. Therefore, these methods could have brought systematic errors into our measurements. However, we have validated the STJ measurement with the Hegar dilator. We also showed that all the other measurements were similar to those in the literature and particularly to measurements obtained under controlled physiological pressure.
CONCLUSION
We described the normal dimensions of FML and coaptation surface in a tricuspid AV. We found that the FML correlates with all valve and root measurements and is relatively similar between the 3 cusps. Like other authors, we propose to develop an objective method of free margin shortening based on the intraoperative measurement of FML with a dedicated sizer to treat cusp prolapse and low coaptation after valve-sparing surgery. Further clinical studies are needed to test a free margin sizer and validate the technique.
